Abstract Although the major tissue site of retinol binding protein (RBP) synthesis in the body is the liver, other sites of synthesis have been reported. The physiological role(s) of circulating RBP that is produced and secreted extrahepatically has not been systematically investigated. To address this question, we used as a model a mouse strain (hRBP ؊ / ؊ ) that expresses human RBP (hRBP) cDNA under the control of the mouse muscle creatine kinase promoter in an rbp -null background (RBP ؊ / ؊ ). By comparing hRBP ؊ / ؊ , RBP ؊ / ؊ , and wild-type mice, we asked whether extrahepatic RBP can perform all of the physiological functions of RBP synthesized in the liver. We demonstrate that extrahepatically synthesized hRBP, unlike RBP expressed in liver, cannot mobilize liver retinoid stores. Consistent with this conclusion, we find that circulating hRBP is not taken up by hepatocytes. RBP has been proposed to play an essential role in distributing hepatic retinoids between hepatocytes and hepatic stellate cells. We find, however, that the distribution of retinoid in the livers of the three mouse strains described above is identical. Thus, RBP is not required for intrahepatic transport and storage of retinoid. These and other observations are discussed. -Quadro, L., W. S. Blaner, L. Hamberger, P. M. Novikoff, S. Vogel, R. Piantedosi, M. E. Gottesman, and V. Colantuoni. The role of extrahepatic retinol binding protein in the mobilization of retinoid stores.
in the visual cycle (4, 5) . All-trans -and 9-cis -retinoic acid regulate the transcription of a variety of target genes (6, 7) through receptor-mediated events (8) (9) (10) (11) (12) (13) .
All retinoids present in the body originate from the diet (3). They are esterified in the intestine to retinyl ester and incorporated into chylomicrons along with other dietary lipids. Chylomicrons are secreted into lymph and then into the bloodstream, where they undergo structural rearrangements leading to the release of retinyl ester (14) . The majority of chylomicrons are cleared by hepatocytes upon hydrolysis of retinyl ester into retinol (15) . In the liver, newly formed retinol can be either stored in hepatic stellate cells (also called Ito cells) in the form of retinyl ester or secreted into the blood bound to RBP. RBP secretion from hepatocytes is a highly regulated process that is still not fully understood; it depends on retinol availability within the cell (16) (17) (18) (19) . Retinol-RBP circulates in the bloodstream in a 1:1 molar complex with transthyretin, a 55 kDa protein that is synthesized in and secreted from the liver (20) . This ternary complex prevents retinol-RBP excretion by the kidney (2, 21) . The mechanism through which tissues acquire retinol from circulating retinol-RBP is also subject to considerable debate.
Although the major site of RBP synthesis in the body is the hepatocyte, other adult organs and tissues are reported to express RBP (2) . These include kidney, adipose, lacrimal gland, retinal pigment epithelium, testes, and brain (2) . It is believed that the synthesis of RBP in extrahepatic tissues serves either to recycle retinol to liver (22) (23) (24) (25) or to facilitate the uptake of retinol by tissues with blood tissue barriers (testes, eyes, and brain) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) . However, neither of these possibilities has been tested experimentally. Moreover, it is unclear whether circulating RBP derived from different tissues performs the same basic physiological functions as the hepatic protein (i.e., mobili-zation of hepatic retinoid stores and delivery of retinol to tissues).
To address these questions, we used two mouse strains that we had previously generated. The RBP-knockout mouse strain (RBP Ϫ / Ϫ ) was obtained by targeted disruption of the genomic locus (39) . The mice have dramatically reduced serum retinol levels (12.5% of wild-type animals) and impaired retinal function and visual acuity during the first months of life. Fed a retinoid-sufficient diet, they recover normal retinol levels and vision by 4 months of age. In contrast, their vision deteriorates and their circulating retinol concentration decreases if they are kept on a retinoid-deficient diet from weaning. Thus, the low levels of circulating retinol in these mice arise from recent dietary intake (39) . Because they are dependent on a regular retinoid intake, the retinoid status of these animals is extremely tenuous (40, 41) . Finally, because retinol mobilization from hepatic stores is compromised, RBP Ϫ / Ϫ animals accumulate retinol and retinyl ester in the liver at a higher rate than do wild-type mice (39, 42) .
We also generated a transgenic mouse that expresses human RBP (hRBP) cDNA under the control of the mouse muscle creatine kinase promoter in the rbp -null background (hRBP Ϫ / Ϫ ) (43) . The transgenic hRBP is produced at high levels, and, like endogenous murine RBP (mRBP), binds transthyretin and delivers retinol to tissues. Moreover, the hRBP suppresses the visual defect of the rbp -null mice and allows peripheral tissues to acquire normal levels of retinol (43) .
The experiments reported here using mutant and wildtype mice address two important issues related to RBP and retinoid metabolism. First, we demonstrate that extrahepatically synthesized hRBP cannot mobilize hepatic stores. Only RBP synthesized in the liver can mobilize such stores. Second, we ask if RBP plays a role in mediating the distribution of retinoids between liver hepatocytes and stellate cells. RBP does not mediate cellular retinoid trafficking within the liver.
METHODS

Animals
hRBP Ϫ / Ϫ mice were generated and characterized as described by Quadro et al. (43) .
Plasma clearance and liver uptake of [ 3 H]retinol
Three month old female hRBP Ϫ / Ϫ , RBP Ϫ / Ϫ , and wild-type mice received an oral bolus of [ 3 H]retinol (10 6 cpm/100 l) in peanut oil via gavage. Plasma samples were obtained after centrifugation of the blood that had been collected into a tube containing EDTA at 14,000 g . Dissected tissues were immediately placed in liquid nitrogen and stored at Ϫ 70 Њ C until analysis. To assess [ 3 H]retinoid concentrations in total plasma, 20 l of each plasma sample was transferred to a scintillation vial and dissolved in 20 ml of Hydroflor liquid scintillation counting solution. To analyze liver levels of [ 3 H]retinoids, tissues were weighed, homogenized in 3 volumes of PBS using a Polytron homogenizer (Brinkman Instruments, Westbury, NY), and extracted with chloroform-methanol (2:1, v/v). After centrifugation at 500 g for 10 min, the lower chloroform phase was transferred to scintillation vials and evaporated in a fume hood. The retinoid-containing lipid film remaining after evaporation of the chloroform was dissolved in 20 ml of Hydroflor liquid scintillation counting solution. 3 H-cpm present in plasma and tissues samples was measured in a Beckman LS 1800 liquid scintillation counter.
Preparation of protein extracts from mouse tissues and Western blot analysis
To survey RBP protein expression in mouse tissues, organs were removed after PBS perfusion and homogenized with a Waring blender in a buffer containing 20 mM potassium phosphate buffer, pH 7.0, 0.25 M sucrose, 50 mM NaCl, 5 mM EDTA, 1 g/ml aprotinin, 1 g/ml leupeptin, 1 g/ml pepstatin, and 10 mM benzamidine-HCl (5 ml/g wet weight). Nuclei were pelleted by centrifugation at 700 g for 5 min. All operations were performed at 4 Њ C. Protein concentrations were determined by the method of Lowry et al. (44) using BSA as a standard. Western blot analysis was performed as described (39) by using a rabbit polyclonal anti-rat serum RBP (45) .
Antibody production
A peptide corresponding to amino acids 185-201 of the primary sequence of mouse RBP (46) 
HPLC analysis
Retinol and retinyl ester concentrations in plasma and tissues were measured by reverse-phase HPLC as described (48, 49) .
Diet and animal husbandry
A purified nutritionally complete control retinoid-sufficient diet (Purified Test Diet 5755; W. F. Fisher and Son, Inc.) containing 22 IU retinol/g diet and a retinoid-deficient but otherwise nutritionally complete diet (Purified Test Diet 5822; W. F. Fisher and Son, Inc.) containing by actual lot analysis Ͻ 0.22 IU retinol/g diet were obtained from standard sources. All nutrients other than retinol were present in these two purified diets at the same concentrations. Mice used for these studies were bred and maintained continuously in a specific virus-and pathogen-free (barrier) facility operating on a 12 h dark/light cycle.
Light microscopy analysis
For light microscopic studies, the liver was removed from wildtype, RBP Ϫ / Ϫ , and hRBP Ϫ / Ϫ mice under ether anesthesia. Approximately 1 mm slices of the liver were cut by hand and placed in a fixative containing 4% paraformaldehyde/2.5% glutaraldehyde/0.1 M cacodylate buffer for 5 h at 0 Њ C with shaking. Frozen sections ( ‫ف‬ 20 m) were prepared from the liver slices using a freezing microtome and treated as follows: 1 ) immersion in 0.5% oil red O/60% triethyl phosphate solution for 15 min at room temperature to detect neutral lipids in stellate cells and hepatocytes; 2 ) staining in methyl-green pyronin for histology; and 3 ) by guest, on www.jlr.org Downloaded from preparation of toluidine blue-stained 1 m sections after embedding into Epon, according to protocols established for electron microscopy, to confirm lipid distribution.
RESULTS
Circulating hRBP of extrahepatic origin cannot mobilize liver retinoid
To determine if RBP of extrahepatic origin can mobilize hepatic retinoid stores, we measured plasma and hepatic concentrations of [ 3 H]retinol at 2, 4, and 24 h after oral administration of a bolus dose of [ 3 H]retinol in peanut oil. Figure 1A shows the total radioactivity present in plasma at these time points. These values represent both the rate of clearance and secretion into plasma of the ingested [ 3 H]retinoid. Note that 2 h after administration, plasma [ 3 H]retinoid levels in RBP Ϫ / Ϫ and hRBP Ϫ / Ϫ mice were significantly lower than in wild-type animals. Triglyceride and cholesterol concentrations in plasma pools of all three strains were equivalent (data not shown), suggesting that their chylomicron retinoid clearance rates were similar. We also analyzed by HPLC [ 3 H]retinol levels in the circulation of all animals at the same time point (2 h). Table 1 shows that ‫ف‬ 70% of the 3 H label in the circulation of wild-type female animals was [ 3 H]retinol, compared with only ‫ف‬ 25% of the 3 H label in female RBP Ϫ / Ϫ and hRBP Ϫ / Ϫ mice. An identical study was carried out using male mice from the three strains and gave the same results. These data support the hypothesis that wild-type mice secrete newly absorbed [ 3 H]retinol back into the circulation. In contrast, RBP Ϫ / Ϫ and hRBP Ϫ / Ϫ mice retain this retinol because they cannot mobilize hepatic retinoid stores. The levels of plasma radioactivity at 4 and 24 h were similar in the three strains. The distribution of this radioactivity between [ 3 H]retinol and derivatives was not determined.
Liver uptake curves of the three strains (Fig. 1B) 
Circulating hRBP is not taken up by liver
The data provided in Fig. 1 indicate that liver retinoid stores cannot be mobilized by hRBP secreted from muscle and suggest that RBP must be synthesized in liver to mobilize hepatic retinoid. Our data imply that circulating hRBP is not internalized by hepatocytes. To test this hypothesis, protein extracts were prepared from liver and muscle of hRBP Ϫ/Ϫ mice and from livers of wild-type and RBP Ϫ/Ϫ animals that were extensively perfused before dissection to remove blood from tissues. Western blot analysis was performed using a rabbit polyclonal anti-rat serum RBP (45) that cross-reacts with both endogenous mRBP and exogenous hRBP (Fig. 2) . RBP was detected only in muscle extracts from hRBP Ϫ/Ϫ mice. As expected, no RBP was detected in liver extracts from RBP Ϫ/Ϫ mice, whereas a strong immunoreactive band was observed in extracts from wildtype mice. Critically, although the serum concentration of hRBP in serum from hRBP Ϫ/Ϫ mice (2.27 Ϯ 0.43 mg/dl) is similar to the concentration of mRBP present in the circulations of wild-type mice (21, 43) , no immunoreactive band, representing either hRBP or mRBP, was observed in extracts prepared from perfused livers of hRBP Ϫ/Ϫ mice. In separate experiments, we were unable to detect hRBP in liver extracts from hRBP Ϫ/Ϫ mice even when as much as 300 g of total liver proteins was loaded onto the SDS-PAGE gel used for immunoblot analysis (data not shown). Our low limit of detection for hRBP in this assay was 1.5 ng. Using a conventional assumption that the wet weight of liver consists of 15% protein (50), we estimate that our low limit of detection for hRBP in hRBP Ϫ/Ϫ liver would be ‫6.0ف‬ g hRBP/g liver. Because wild-type mouse liver contains ‫23ف‬ g RBP/g tissue (49), if as little as 2% of the RBP present in liver is normally derived from uptake of extrahepatically synthesized RBP, we would have been able to detect this by Western blot. Thus, the results obtained suggest that circulating RBP of extrahepatic origin is not internalized to any significant extent by liver cells. Immunohistochemical analysis of liver sections from hRBP Ϫ/Ϫ mice using a polyclonal anti-human serum RBP (51) also failed to detect hRBP, confirming these results (data not shown).
Circulating hRBP and mobilization of retinoid from peripheral stores
We next explored the role of extrahepatic RBP in maintaining normal serum and tissue retinol concentrations pooled. An identical duplicate experiment was carried out using age-matched male mice from each of the three strains. The data obtained from the male mice were the same as for the females. Fig. 2 . Western blot analysis of liver and muscle protein extracts from hRBP Ϫ/Ϫ mice. Analysis was performed using 50 g of liver and 10 g of muscle protein that was extracted from tissues of mice that had undergone a whole body perfusion with ice-cold saline immediately before death. Three microliters of a 1:10 dilution of serum from wild-type (wt) and RBP Ϫ/Ϫ (Ϫ/Ϫ) mice and 3 l of a 1:10 dilution of human serum (hum) were loaded as controls. Western blot analysis was performed using rabbit polyclonal anti-rat serum RBP (45) . The position of a protein marker is indicated at left. The concentration of hRBP in serum of hRBP Ϫ/Ϫ mice is approximately the same ‫0.2ف(‬ mg RBP/dl) as the concentration of mouse RBP (mRBP) present in wild-type mice (21, 43) .
by guest, on www.jlr.org Downloaded from during extended periods of dietary retinoid deprivation. Six week old hRBP Ϫ/Ϫ , RBP Ϫ/Ϫ , and RBP ϩ/Ϫ (heterozygous) females were placed on a retinoid-deficient diet or a retinoid-sufficient diet for 1 month. Retinol and retinyl ester levels in serum, liver, lung, and muscle were then determined by HPLC. The results of this experiment are shown in Tables 2 and 3. As expected, serum retinol levels in animals on a retinoid-deficient diet remained constant in RBP ϩ/Ϫ mice and decreased close to zero in RBP Ϫ/Ϫ mice. Dietary retinoid deprivation reduced serum retinol levels by 50% in hRBP Ϫ/Ϫ mice ( Table 2) .
Retinoid deprivation for 1 month did not significantly reduce liver retinoid levels in any of the three strains analyzed (Table 3) . The low liver retinoid levels of hRBP Ϫ/Ϫ compared with age-and sex-matched heterozygous and knockout animals reflects the amount of time they were kept on a retinoid-sufficient diet before vitamin deprivation ( Table 3 ). The retinoid content of the stores is, in fact, related to the amount of retinoid ingested with the diet (reviewed in Ref. 14) . In contrast, lung retinoid stores remained constant in RBP ϩ/Ϫ mice maintained on a retinoid-deficient diet but decreased by 70% in RBP Ϫ/Ϫ mice and by 90% in hRBP Ϫ/Ϫ animals ( Table 3 ). It is possible that failure to mobilize liver retinol stores may activate a pathway that draws on the lung deposits, which represent an important retinoid storage site in mouse (52) (53) (54) . Depletion of nonhepatic peripheral stores may account for the decrease of serum retinol levels in hRBP Ϫ/Ϫ mice after 1 month on a retinoid-deficient diet (Table 2) .
Retinoid distribution in the liver of RBP ؊/؊ and hRBP ؊/؊ mice is normal
We previously demonstrated that RBP Ϫ/Ϫ mice take up retinoid normally from the diet and accumulate hepatic retinoid stores at a rate only slightly greater than do wildtype mice (39, 42) . To identify the liver cells that accumulate retinoid in the RBP Ϫ/Ϫ mice, liver sections from 5 month old wild-type and RBP Ϫ/Ϫ male mice were stained with oil red O. This dye, which specifically recognizes lipidrich droplets, is commonly used to stain and identify retinoid-rich droplets present in hepatic stellate cells (55) (Fig. 3A, B) . No structural abnormalities were observed in the livers of RBP Ϫ/Ϫ mice. Furthermore, high magnification of these sections indicated that both the number and the size of the lipid droplet-containing cells were equivalent in wild-type and RBP Ϫ/Ϫ mice. Toluidine blue staining of Epon-embedded sections from the same mice demonstrated that the stellate cells in the perisinusoidal space were fully laden with retinoid-rich droplets (Fig. 3D, E) . Analysis of multiple sections indicates that both the number and the distribution of stellate cells of RBP Ϫ/Ϫ and wild-type mice were similar.
Extrahepatic expression of hRBP affected neither the structure of the liver nor its ability to accumulate and store retinoid (Fig. 3C, F) . Finally, higher magnification of liver sections from hRBP Ϫ/Ϫ animals indicated that both the number and the size of the lipid droplet-containing cells as well as the number and the size of the droplets present in hepatic stellate cells were indistinguishable from wild-type and RBP Ϫ/Ϫ mice
DISCUSSION
The major physiological role of RBP is to deliver retinol to tissues and to mobilize hepatic retinoid stores to ensure a constant supply of retinoid to tissues, especially in times of insufficient dietary intake (2, 40) . The role that hepatic RBP plays in the maintenance of this homeostasis is well established, whereas that played by extrahepatically synthesized RBP has not been explored. The experiments reported here provide new insights into the mechanisms of mobilization of retinoid stores by RBP. We demonstrate TABLE 2. Serum retinol levels of RBP ϩ/Ϫ , RBP Ϫ/Ϫ , and hRBP Ϫ/Ϫ mice maintained on a retinoid-deficient diet for 1 month
Retinol levels were determined by reverse-phase HPLC and are expressed as means Ϯ SD. Statistical significance was determined by Student's unpaired t-test. Four 6 week old female mice were analyzed in each group. a P Ͻ 0.01 vs. the corresponding control diet group. b P Ͻ 0.001 vs. the corresponding control diet group. 
Retinol levels were determined by reverse-phase HPLC and are expressed as means Ϯ SD. Statistical significance was tested by Student's unpaired t-test. Four 6 week old female mice were analyzed for each group. hRBP Ϫ/Ϫ mice were maintained on a retinoid-sufficient diet for 13 days between weaning and the start of retinoid deprivation, whereas RBP ϩ/Ϫ and RBP Ϫ/Ϫ mice were kept for 22 days after weaning on a retinoid-sufficient diet before the beginning of the experiment. n.d., not detectable (Ͻ0.1 g/g tissue).
a P Ͻ 0.01 vs. the corresponding control diet group. (Fig. 1) . Consistent with the failure of circulating hRBP to mobilize hepatic retinol, we detect no hRBP in livers of hRBP Ϫ/Ϫ mice by Western blot (Fig. 2) or by immunohistochemical analysis (data not shown). These data suggest that circulating hRBP is not taken up by hepatocytes. Several authors have reported endocytosis of RBP by different cells in culture (F9 embryonal carcinoma, HepG2 hepatocarcinoma, Caki-1 kidney carcinoma, HeLa cells) (56, 57) or by parenchymal and stellate cells from rat liver after intravenous administration of large bolus doses of purified hRBP (500 g/rat) (24, 25) . These studies suggested that internalization of circulating RBP by liver allows the recycling of retinol from peripheral tissues to liver and apo-RBP to drain hepatic retinol stores. Other authors, in contrast, reported that retinol uptake from RBP by liver cells in vitro does not depend specifically on its binding to RBP (58, 59 ).
Our present data unequivocally demonstrate that circulating hRBP of extrahepatic origin, and, presumably, circulating RBP of hepatic origin as well, is not taken up by hepatocytes and, as consequence, cannot mobilize hepatic retinol. Our experiments, however, do not solve the question of whether circulating RBP can deliver retinol to liver, as it does to the eye. We also demonstrate that mobilization of retinoid from lung stores occurs in animals that cannot mobilize liver retinoid deposits. Thus, RBP Ϫ/Ϫ mice show a 70% decrease and hRBP Ϫ/Ϫ mice show a 90% decrease in lung deposits after 1 month of retinoid deprivation (Table 3) . We recently reported that RBP Ϫ/Ϫ mice maintained on a retinoid-deficient diet from the time of weaning (21 days) for up to 6 months show a decline in retinoid levels in liver and lung at a rate comparable to that in wild-type mice maintained on a similar dietary regimen (41) . We also show that in the absence of RBP, alternative pathways of hepatic retinoid turnover seem to be activated to render available to the peripheral tissues the retinoid otherwise trapped in the liver (41) . The mechanism responsible for the decline in lung retinoid stores in the present study is not clear. We are now investigating whether similar mechanism(s) may play a role in the mobilization of lung retinoid stores.
A considerable body of evidence in the literature supports the notion that RBP plays an important role in facilitating the transfer of newly absorbed retinol between hepatocytes and stellate cells, the major hepatic site of retinoid storage (24, 57, (60) (61) (62) (63) (64) . The data we present in this study clearly rule out this assumption. We find no quantitative or qualitative differences in the pattern of retinoid storage in liver sections from wild-type and RBP Ϫ/Ϫ mice (Fig. 3) . In previous reports (39, 43, 65) , we demonstrated that liver retinoid concentrations in wild-type and RBP Ϫ/Ϫ mice were similar. The present experiments extend this finding and provide the first strong evidence that RBP is not required for shuttling retinol from hepatocytes to stellate cells (14) . Our data support the model proposed by Ghyselinck et al. (66) . They showed that stellate cells of CRBP-I-null mice do not accumulate retinol (66) , suggesting that CRBP-I and not RBP plays a pivotal role in facilitating the normal intercellular trafficking of retinol within the liver. Our work also argues against the idea that RBP synthesized outside the liver and secreted into the circulation plays an important physiological function in recycling retinol from the periphery back to the liver for storage or to other target tissues (22) (23) (24) (25) . In conclusion, we demonstrated that although circulating RBP of extrahepatic origin supports retinol delivery to the eye and other tissues (43) , it cannot draw on liver retinol stores, presumably because it is not taken up by hepatic cells. We propose that RBP must be synthesized within the liver to mobilize hepatic retinoid stores. Our data also show that RBP is not involved in the intercellular trafficking of retinol between hepatocytes and hepatic stellate cells. This leaves open the question of what role RBP synthesized extrahepatically plays in retinoid metabolism. We assume that this RBP has a function specific to its tissue of origin, but this remains to be determined.
